Campylobacter jejuni cells have bipolar flagella. Both flagella have similar lengths of about one helical turn, or 3.53±0.52 µm. The flagellar filament is composed of two homologous flagellins: FlaA and FlaB. Mutant strains that express either FlaA or FlaB alone produce filaments that are shorter than those of the wild-type. It is reported that the flaG gene could affect filament length in some species of bacteria, but its function remains unknown. We introduced a flaG-deletion mutation into the C. jejuni wild-type strain and flaA-or flaB-deletion mutant strains, and observed their flagella by microscopy. The DflaG mutant cells produced long filaments of two helical turns in the wild-type background. The DflaAG double mutant cells produced very short FlaB filaments. On the other hand, DflaBG double mutant cells produced long FlaA filaments and their morphology was not helical but straight. Furthermore, FlaG was secreted, and a pulldown assay showed that sigma factor 28 was co-precipitated with purified polyhistidine-tagged FlaG. We conclude that FlaG controls flagella length by negatively regulating FlaA filament assembly and discuss the role of FlaA and FlaB flagellins in C. jejuni flagella formation.
INTRODUCTION
Campylobacter jejuni is a foodborne pathogen belonging to the Epsilonproteobacteria. The cell is motile with bipolar (amphitrichous) flagella, that is, a single flagellum at each cell pole. The flagellar length is about one helical turn and the flagella appear to be shorter than those of Salmonella enterica or Escherichia coli [1, 2] . The flagellar filament is composed of two homologous flagellins; FlaA (573 amino acids) and FlaB (572 amino acids), which share a sequence identity of 92.3 %. However, these two flagellins play different roles in filament formation. FlaA is the major component and assembles the main body of the filament [2] . FlaB is the minor component and occupies a short portion in the filament [2] . In order to understand the complexity of flagellar filament assembly in C. jejuni, it should be noted that expression of the two flagellin genes is regulated by two different sigma factors; the flaA gene is regulated by sigma 28 and the flaB gene is regulated by sigma 54. The flaB gene is expressed earlier than flaA during flagellar assembly [2] .
We address whether the flagellar length of C. jejuni is controlled or not, which has not been discussed clearly. Wösten et al. [1] claim that the quantity of flagellins in C. jejuni is regulated by FlgM to prevent unlimited elongation of the flagellum. In S. enterica or E. coli, FlgM is an anti-sigma factor and represses the transcription of sigma 28 (FliA)-dependent flagellin genes during the formation of the hook-basal body complex (HBB). Once the HBB is complete, FlgM is secreted from the bacterial cell to release FliA, which allows it to express the flagellin genes [3] . On the other hand, the interaction of C. jejuni FlgM with FliA is regulated by temperature, and FlgM does not inhibit FliA activity during HBB formation [1] . What else, then, affects flagellar length?
The other genes that may affect flagellar length in C. jejuni are flaA, flaB and flaG [4] . The flagellin FlaB could autonomously regulate flagellar length. For instance, a flaA mutant strain that expresses FlaB flagellin only forms short filaments [2] . The flaG gene is often found in the same operon as the fliD and fliS genes (e.g. C. jejuni) or in the vicinity of the fliD-fliS operon on the chromosome in many different species of bacteria [5] . The fliD and fliS genes are both involved in flagellin secretion and filament formation. The role of flaG is unknown, and of course a similar location on the chromosome does not imply that the FlaG protein has a similar role to the FliD and FliS proteins in flagellar assembly, but it is intriguing. There are, however, several cases where the function of flaG is suggested [6] [7] [8] [9] . (1) Deletion of the flaG gene results in cells with long flagella in Pseudomonas fluorescens F113 and in C. jejuni NCTC 11168 [6] . (2) Aeromonas caviae has a flagellar filament composed of two flagellins: FlaA and FlaB. The mutation of flaG did not affect motility, but did significantly reduce the level of adherence [7] . (3) A defect in ORF3 (a flaG homologue) of Vibrio anguillarum causes an elongated flagellar filament, suggesting that either ORF3 or a downstream gene has a possible role in either regulating the export of flagellin proteins or regulating flagellin gene expression [8] . (4) In Pseudomonas fluorescens, independently of the promoters driving fliC, fliD and fleQ expression, there are functional promoters upstream of the flaG gene and the fliST operon [9] , suggesting that the flaG gene is not a pseudogene but is rather functional together with fliST genes.
In this study, we carried out accurate measurements of the filament lengths of mutant strains bearing deletions of the flaA, flaB and/or flaG genes, and showed that C. jejuni's flagellar length was indeed controlled. Then, we found that FlaG was secreted into medium during cell growth, and that purified FlaG bound FliA. We also discuss why C. jejuni's flagellar length is kept short.
METHODS

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are described in Table 1 . The C. jejuni strains were grown using Mueller-Hinton (MH) liquid and plate media (Difco, USA). They were incubated at 37 C under microaerophilic conditions maintained using AnaeroPacks (Mitsubishi Gas Chemical, Japan) or at 42 C under microaerophilic conditions (85 % N 2 , 10 % CO 2 and 5 % O 2 ) in a tri-gas incubator (model MCO-5MUV, Panasonic, Japan) [10] . Trimethoprim (5 µg ml
À1
) and vancomycin (10 µg ml À1 ) antibiotics were routinely added to MH media to maintain pure cultures of C. jejuni. When required, kanamycin (50 µg ml À1 ) or chloramphenicol (17.5 µg ml À1 ) were added. E. coli NEB 5-alpha was grown using Luria-Bertani (LB) broth or agar [11] with ampicillin (100 µg ml
) to maintain plasmid DNA.
Construction of suicide vectors
A suicide vector, plasmid pUC19DflaG, was made to delete the flaG gene from the chromosome and replace it with a kanamycin-resistance gene, expressed from the flaG gene promoter (Fig. S1 , available in the online version of this article). Plasmid pUC19DflaG carries 501 bp upstream and 522 bp downstream of the kanamycin-resistance gene homologous to chromosomal DNA. The fliD and fliS genes that are normally downstream of the flaG gene are therefore under expression control from the native promoter in the flaG mutant strains. The final seven codons of the flaG gene are present in-frame after the kanamycin-resistance gene stop codon, and there is no transcription terminator after the kanamycin-resistance gene. Further, the natural ribosome-binding site is present for FliD translation.
Two suicide vectors were made to delete either the flaA gene (plasmid pCB-A10) or the flaB gene (plasmid pCB- The suicide vectors were assembled from PCR products using Gibson assembly cloning kits (New England Biolabs, USA). The oligonucleotide primers used in the plasmid construction are listed in Table S1 . Genomic DNA or plasmid pCB832 (pUC19 carrying the flaA and flaB genes) were used as templates in PCR reactions. Standard molecular biology procedures were followed [11] .
Construction of Campylobacter gene deletion mutant strains C. jejuni strains were transformed with suicide vector DNA by electroporation, as described previously [12] . PCR was used to confirm that the antibiotic resistance genes had integrated at the correct location on the chromosome. PCR products were sequenced with BigDye Terminator v3.1 Cycle Sequencing kits using chain-termination dideoxynucleotide sequencing (Thermo Fisher Scientific, USA).
Whole-genome sequencing of C. jejuni strains Genomic DNA was prepared from C. jejuni strains made in this study using Sigma-Aldrich (USA) Bacterial Genomic DNA kits. DNA library samples were prepared using KAPA HyperPlus kits (Kapa Biosystems, USA). Samples were sequenced with PCR-free DNA shotgun sequencing, paired end, 150 bp read lengths using a MiSeq DNA sequencer with MiSeq Reagent kits v3 (Illumina, USA). The C. jejuni genome is 1.6 MBp and at least 85 Mbp data were obtained per sample. FastQ files of base calls produced by the MiSeq DNA sequencer were aligned with the C. jejuni NCBI reference sequence NC_009839.1 using DNASTAR Lasergene Genomics Suite software (USA) to identify single-nucleotide polymorphisms and insertions or deletions and to confirm that the genomes of the mutant strains did not contain additional unwanted secondary mutations.
Motility assays
The swimming motility of C. jejuni strains through MH motility media was examined as previously described [13] . Briefly, the strains were first grown on MH agar, containing antibiotics as required, at 42 C for 24 h. Each strain was suspended from the plate in MH broth to an OD 600 nm of 1.0 and 1 µl was stab-inoculated into MH motility medium containing 0.4 % (w/v) agar. The motility phenotypes were examined after the incubation of strains at 37 C under microaerophilic conditions for the desired time. Experiments were repeated at least six times for each strain.
Transmission electron microscopy of whole cells of C. jejuni
The flagella on cells of C. jejuni strains were examined in a similar way to that previously described [14] . Briefly, the strains were grown on MH agar, containing appropriate antibiotics, at 37 C under microaerophilic conditions for the desired time. Cell suspension was spotted on Mextaform HF-34 200-mesh carbon-coated copper grids and the cells were stained directly with 1 % phosphotungstic acid at pH 7. The grids were examined using a JEM-1230R transmission electron microscope (JEOL Ltd, Japan) at 100 kV.
Pulldown assay
Histidine-tagged FlaG was overexpressed in E. coli and purified using a His-Trap HP (Ni-Sepharose High Performance) column according to the manufacturer's instructions (GE Healthcare, USA). Purified FlaG-6xHis was mixed overnight at 4 C with cell lysate of wild-type (WT) C. jejuni. After removing large aggregates by low-speed centrifugation, the mixture was loaded onto the His-Trap HP column. After vigorous washing of the column with buffer A [50 mM TrisHCl (pH 8.0), 500 mM NaCl, 10 mM imidazole], the bound proteins were eluted with buffer B [50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 500 mM imidazole] to 40.0 % buffer B, i.e. 200 mM imidazole. The third fraction, which eluted at 15.0 % (75 mM) imidazole, was collected and examined by SDS-PAGE. Several strong bands in the gel were excised and extracted prior to analysis by mass spectrometry, as described below.
Sample preparation and in-gel digestion Protein samples (10 µl) were separated using an LDS-PAGE Bis-Tris gel (4-12 %) in MOPS buffer for 8 min and stained with the Colloidal Coomassie Blue Staining kit (Thermo Fisher Scientific, USA). The bands excised from the gel were processed using in-gel digestion. Briefly, fractions were suspended in 50 mM ammonium bicarbonate buffer and reduced with 10 mM dithiothreitol at 56 C for 10 min. The samples were then alkylated with 55 mM iodoacetamide in 50 mM ammonium bicarbonate buffer for 20 min in darkness. The samples were washed with 50 mM ammonium bicarbonate in 50 % (v/v) acetonitrile, followed by pure acetonitrile. Then the samples were dried using a speed vacuum concentrator. Afterwards, each fraction was digested with trypsin overnight at 37 C. Peptides were extracted from the gel using 5 % (v/v) formic acid in 50 % (v/v) acetonitrile for 45 min. After extraction, the samples were dried. The digested peptides were suspended in 30 µl of 0.1 % (v/v) formic acid in water for liquid chromatography/mass spectrometry (LC/MS) injection.
Liquid chromatography/mass spectrometry (LC/MS) analysis
The samples were analysed using a Q-Exactive Plus Orbitrap Hybrid Mass Spectrometer (Thermo Fisher Scientific, USA), which was equipped with an HPLC (Dionex Ultimate 3000 nanoRSLC, USA), an autosampler (HTC PAL, CTC Analytics, USA) and a nanoelectrospray ion source. Each sample, 5 µl was separated on a Zorbax 300SB C18 column (0.3Â150 mm; Agilent Technologies, Germany) at 40 C, using a 1-hour gradient [1 % B to 32 % B in 45 min, 32 % B to 45 % B in 15 min, with a final wash at 75 % B for 5 min and equilibration at 1 % B for 10 min, where solvent A was 0.1 % (v/v) formic acid in distilled water and solvent B was 0.1 % (v/v) formic acid in acetonitrile]. A flow rate of 3.5 µl min À1 was used for peptide separation. The temperature of the heated capillary was 300 C, and 1.9 kV spray voltage was applied to all samples. Mass spectrometer settings were: full MS scan range 350 to 1500 m/z, with a mass resolution of 70 000, 30 µs scan time, AGC set to 1Âe 6 ions and fragmentation MS2 of the 20 most intense ions.
Protein identification
Protein identification was performed using Proteome Discoverer software v1.4, combining the results from Sequest HT and Mascot. A custom database, constructed by merging Campylobacter (reference database NCBI accession PRJNA17953) and the common Repository of Adventitious Proteins (cRAP; http://www.thegpm.org/crap/), was used for identification. The search parameters for both algorithms were: trypsin enzyme, a maximum of two missed cleavages, with precursor and fragment mass tolerance set to 10 p.p.m. and 0.01 Da, respectively. Carboxyamidomethylation of cysteine was set as a fixed modification, while methionine oxidation, asparagine and glutamine deamidation, and N-terminal acetylation were set as variable modifications. The results were filtered using a false discovery rate of <1 % as a cutoff threshold, determined by the Percolator algorithm in Proteome Discoverer software.
Length measurement
The lengths of the flagella were measured on prints of electron microscopic images with ImageJ software (National Institute of Mental Health, Bethesda, Maryland, USA).
Calculation of diffraction patterns
Negatively stained images of filaments were recorded on a 2KÂ2K slow-scan charge-coupled device camera (Gatan) implemented in a transmission electron microscope (JEM-1230R; JEOL). A part of each filament was boxed with helixboxer in the EMAN software suit and the fast Fourier transform (FFT) of the image was displayed with v2 [15] . 
RESULTS
Campylobacter flagella length is controlled short Campylobacter jejuni 81116 (WT) cells produce one or two polar flagella. Using electron microscopy, the lengths of the two flagella on a cell appear to be similar (Fig. 1a, left) when cells are actively growing (3-day incubation at 37 C). They are typically about one helical turn, which suggests that length might be controlled. Flagella are flattened into sine waves on the surface of sample grids during preparation; one wavelength corresponds to one pitch of a helix.
For accurate measurement of flagellar length, we measured the contour lengths (L) of flagella. The average contour length of the WT filament was 3.53 µm, with a standard deviation of 0.52 µm (n=50). The length of the flagella of the cells exhibited a normal distribution; flagella lengths varied between 2.00 and 5.00 µm, and the majority were between 3 and 4 µm (Fig. 1a,  right) . We concluded that Campylobacter WT flagella length is controlled short at about one helical turn.
Strategy for identifying the determinant of filament length There are several factors known to affect length of flagella, for example, flagellin (FlaA) glycosylation (19 sites) is essential for the formation of C. jejuni flagella. A reduction in the glycosylation of FlaA results in shorter flagella [16] . Further, C. jejuni flagella grown at 42 C are 15 % longer than those grown at 37 C [1] . Moreover, the flagellar length for a flgM-deletion mutant strain grown at 42 C is 40 % longer than that for a wild type grown at 42 C [1] . The authors suggest that FliA might be temperature sensitive and FlgM stops cells from producing filaments that are too long [1] .
To identify the factors directly controlling flagellar length, we focused on the flaG gene for the following reasons. (i) A flaG mutation resulted in long flagella in C. jejuni NCTC 11168 [5] and in some other species [6, 7] . (ii) In the C. jejuni genome, a flaG gene of unknown function is located within the same operon and upstream of the fliD-fliS genes involved in flagellin secretion. Similar gene organization is found in Allivibrio fisheri, Bacillus subtilis, Enterococcus casseliflavus, Helicobacter pylori, Idiomarina loihiensis, Legionella pneumophila, Pseudomonas aeruginosa, Saccharophagus degradans and Vibrio parahaemolyticus [5] . Most of these species produce polar flagella. However, there are exceptions, such as B. subtilis and a few other species that also retain the flaG gene in their genomes and produce peritrichous flagella that are not regulated to a certain length. Despite our lack of knowledge concerning FlaG function, we chose flaG as a candidate length determinant for C. jejuni flagella and constructed a deletion mutant strain without flaG (DflaG mutant).
The DflaG mutant strain produces long flagella We inserted a Kanamycin-resistance gene (Km R ) into the flaG gene locus by homologous recombination and confirmed by sequencing that the mutation was properly introduced (see the Methods section). The mutant cells are motile under the microscope, confirming that there is no polar effect due to the flaG mutation, because defects in either the fliD or fliS genes give rise to flagellar hooks without filaments [17] . The mutant cells formed a motility ring that was two thirds the size of that of the WT cells on a MH motility media plate (Fig. 2) , agreeing with the previous observation that cells with longer flagella form a smaller motility ring than those with WT flagella [2] .
Using electron microscopy, it was observed that the mutant cells had flagella that were much longer than those of the wild type; some had three or four helical turns (Fig. 1b, left) . The number of flagella counted was 50 for all measurements. Mean averages and the standard deviation are shown.
We then measured the contour length of the DflaG mutant flagella (Fig. 1b, right ; Table 2 ). It was 7.10±1.44 µm (n=50). The standard deviation (20 % of the average) is larger than that of the WT cells (14 %), which can also be seen in the histograms for flagellar length (Fig. 1a, right vs Fig. 1b,  right) . This is not only because length control becomes less precise as the flagella elongate, but also because there is an increase in the difference in length between two flagella on a cell (see below).
FlaA filaments are straight, while FlaB filaments are curved
The flagellar filament is composed of FlaA and FlaB flagellins [2] . Either FlaA or FlaB alone forms filaments shorter than those of the wild type [1] . Flagellin FlaA is the major component of the flagellar filament (FlaA filament), while FlaB is the minor component and is located at the basal part of the filament (FlaB filament) [1] . We constructed DflaA/ flaB + and DflaB/flaA + mutant strains, and analysed their filament length.
The DflaA/flaB + mutant produced short and curved filaments (Fig. 3a, left) . The length of the FlaB filaments was 1.05±0.79 µm (Fig. 3a, right) , whereas the DflaB/flaA + mutant produced long and straight filaments (Fig. 3b, left) . The length of the FlaA filaments was 3.06±0.31 µm (Fig. 3b,  right) . These lengths are more or less similar to the values previously published, but the shape of the mutant filaments has not been mentioned [1] . One reason that this fact was not mentioned in the previous study may have been because the FlaA filaments on the cells in that study looked slightly curved [1] . However, as will be presented later, FlaA filaments isolated from cells are almost straight. We suspect that FlaA filaments on cells are rotating and might be deformed when attached on the grid surface during sample preparation. In short, the helical shape of the FlaA part in the WT filament is induced by the FlaB part.
Lengths of the two flagella on a cell are different Although the filament length of the two flagella of a WT cell looked similar (Table 2) , we noticed that two filaments on a mutant cell appeared to be different from each other in length. It is natural for an actively dividing cell to have a long filament from the old pole and a short filament from the new pole. However, we re-examined the filament length and separated the two filaments on a cell into two groups: the long and the short filament (Table 2) . A length difference between the two filaments is obvious for DflaA/flaB mutant cells; one filament (1.68 µm) is four times longer than the other (0.42 µm) on the same cell (Fig. 3a, left) . In DflaB/flaA + mutant cells, the two filaments are similar in length (Fig. 3b, left) , and their lengths are well controlled; the standard deviation is 9 % for both filaments. In WT cells, the lengths of the two filaments are also similar and well controlled (Table 2) .
Why is the length difference between the two flagella for
DflaA/flaB + mutant cells so large? The reason for the length difference will be discussed later, together with the following results.
Effects of flaG on the lengths of the FlaA or FlaB filament In order to elucidate how FlaG affects the lengths of FlaA or FlaB filaments, we constructed a set of mutant strains bearing the DflaG mutation in combination with DflaA or DflaB mutations, and analysed their filament lengths. The DflaA/ flaB + DflaG double mutant cells produced a short filament on one pole and a very short filament on the other pole (Fig. 4a, left) . The average length of the two FlaB filaments is shorter than that in the DflaA/flaB + mutant (Fig. 4a, right ; Table 2 ). On the other hand, the DflaB/flaA + DflaG double mutant gave rise to long straight filaments that were similar to those in the DflaB/flaA + mutant ( Fig. 4b, left ; Table 2 ). The length distribution was as dispersed as that of the DflaG mutant ( Fig. 4b, right; Table 2 ). These results indicate that the flaG gene works to decrease the length of FlaA filaments and to increase the length of FlaB filaments.
To analyse these complicated data quantitatively, we simplified the nomenclature of the filaments as follows: (1) combinations of lengths of FlaA and FlaB filaments, long and short, from the mutant strains that only expressed FlaA or FlaB with and without FlaG were measured (Table S2) . Then these were examined to determine which combinations of FlaA and FlaB flagellin filaments best describe the lengths of the long and short filaments of the WT and DflaG mutant strains. In the first example, that of the long WT filament, 3.74 µl was the measured length and 3.64 µl is the calculated length assuming that the filament is made of FlaA(G+) L and FlaB (G+) S . The two values show good agreement. From these calculations, we can infer the following.
(1) A WT filament is a simple combination of a FlaA filament part and a FlaB filament part. In other words, it is not a mixed polymer of FlaA and FlaB flagellins, but composed of two regions consisting of a polymer of the FlaA filament and a polymer of the FlaB filament. It is likely that each filament grows independently, because expression of the two flagellin genes is controlled by different sigma factors [2] , and because each flagellin forms filaments without the other [1] . (2) The length of the FlaB part of the flagellar filaments is the same for long and short filaments on a cell. This indicates that the FlaB part of the filament will stop growing once the FlaA part of the filament starts growing. (3) The difference in length between the two filaments on each cell is due to differences in the length of the FlaA part of the filaments.
However, to confirm these assumptions, it is necessary to distinguish the FlaA and FlaB filament parts of the WT filament.
Localization of the two flagellins in a filament
In view of the data shown previously [1] and the data reported here, it is likely that the FlaB filament grows prior to the FlaA filament and affects the morphology of the FlaA filament. To test this assumption, we attempted to identify each flagellin in a filament. However, FlaA and FlaB flagellins are homologous (92.3 % identity), and the amino acid residues that are different between the two are localized on a domain in the inner part of the filament (data not shown). Therefore, antibodies that interact with epitopes exposed outside of the structure will likely not work for our purpose.
Instead, we noticed that the surface appearance of a filament stained with phosphotungstic acid (PTA) looks different, albeit subtly, for filaments made solely from FlaA or solely from FlaB flagellin. FlaA filaments show strong striations running along the filament axis, while the striations in FlaB filaments look fuzzier (Fig. 5a , b, middle and bottom left). The difference in appearance comes from the difference in PTA stain penetration into the inner structure of the filament. The difference in amino acid residue composition between the FlaA and FlaB flagellins is located in the inner structure of the filament. This suggests that the difference in amino acid residues in the inner structure affects the penetration of the PTA stain into the small space of the filament, which results in the filaments appearing different.
To confirm these observations in a more objective manner, we compared the calculated diffraction patterns of the filaments (Fig. 5a , b, middle and bottom right). In general, filamentous structures such as flagella give several layer lines in diffraction patterns, each of which corresponds to regular alignments of a group of subunits. A diffraction pattern of the minimum repeats of the subunits along the filament axis appears as the first layer line [18] . Therefore, the striations running along the filament axis correspond to the first layer line. The diffraction pattern of the mutant filament made solely from FlaA showed first layer lines separated from the equator (Fig. 5a , middle and bottom right, empty arrowheads), whereas the diffraction pattern of the mutant filament made solely from FlaB showed layer lines that were not distinctive and were fused with the equator (Fig. 5b , middle and bottom right, filled arrowheads). We applied this method to the WT filament (we show the DflaG mutant filament in Fig. 5c ) and found that the visual appearance of the proximal and distal parts of the filament differed; the proximal part looked fuzzy (Fig. 5c , middle left), but the Its identity was confirmed using liquid chromatography/tandem mass spectrometry. Fig. 7 . Proteins in C. jejuni cell lysates that co-precipitated with FlaG-6ÂHis tag were analysed using SDS-polyacrylamide gels. Proteins corresponding to the strong bands (indicated by arrows) were identified using mass spectroscopy analyses and are listed in the table on the right of the gel. Description, identified proteins; # of PSMs, number of peptide spectrum matches; MW (kDa), calculated molecular weights of the proteins identified.
distal part looked continuously striated (Fig. 5c, bottom  left) . Accordingly, the diffraction patterns from the distal part of the WT filament showed distinctive first layer lines separated from the equator (Fig. 5c , bottom right, empty arrowheads), while those from the proximal part were fused with the equator (Fig. 5c, middle right, filled arrowheads) . The boundary of the two parts is not obvious, suggesting that the FlaB filament may cause a conformational change of the FlaA filament in that region, or the two flagellins might be mixed in the narrow region. However, from the length distribution of the WT and mutant filaments, we conclude that FlaB flagellin forms the short proximal filament and FlaA flagellin forms the long distal filament. The FlaB filament may be necessary for tight control of FlaA filament length and for inducing helicity in a FlaA filament, which is straight by itself.
FlaG interacts with FliA
To examine whether FlaG might be secreted into the growth medium, proteins were collected from the culture media by TCA precipitation and examined by SDS-PAGE. The protein patterns obtained from WT cells were compared with those from the flaG deletion mutant cells. A band at around 13 kDa was missing in the proteins from the mutant cells (Fig. 6 ). The band recovered from the WT sample was analysed by mass spectrometry and identified as FlaG.
In order to identify the proteins that bind to FlaG, we constructed a His-tagged flaG expression plasmid and carried out a pulldown assay using purified FlaG-6xHis. The fraction that co-purified with His-tagged FlaG gave several bands in SDS gels. The proteins eluted from each band were analysed by mass spectrometry. A band at around 27 kDa contained fumarate reductase iron-sulfur protein and the sigma factor 28 (FliA). A band at around 30 kDa contained non-flagellar proteins (Fig. 7) . Therefore, FlaG interacts with FliA. Campylobacter FlaG is secreted from the cell-like Salmonella FlgM. Therefore, it is possible that FlaG suppresses FliA function and consequently FlaA expression within the cell.
DISCUSSION
C. jejuni flagella look shorter than the flagella of other species and seem to have a defined length. However, the control mechanism for flagellar length has not been seriously discussed for several reasons. One reason is that flagellar length usually shows a wide range of distribution. Without a quantitative analysis of length distribution, it will be difficult to claim that flagellar length is controlled. Filaments may only look to be controlled when they are short because the length differences among filaments are small. But this is not true for bipolar flagella. Every time cells divide new short flagella are produced and occupy half of the population. We did not observe very short filaments or very long filaments. Our data ( How accurately is flagellar length controlled? The standard deviation is 15 % of the mean average for WT filaments. This is not as good as the 10 % standard deviation in hook length, which is controlled by a physical ruler called FliK [19] [20] [21] . Although, FlaG is secreted into the medium like FliK [22] , FlaG cannot be a physical ruler, because flagellar length is much longer than the molecular length of FlaG.
What is the role of FlaG? A possible role is in the regulation of flagellin gene expression.
Several factors are known to be involved in the post-transcriptional regulation of flagellar genes and flagellin secretion in C. jejuni: FliA, FlgM, FliS, FliW and CsrA. FliA is the sigma 28 for flaA gene expression [2] . FlgM is an antisigma factor and binds to FliA [1] . FliS is a chaperone for flagellins and binds to FlgM [23] and to all three flagellins (FlaA, FlaB and FlaC) [17, 24] . FliW binds to two major flagellins (FlaA and FlaB) [25] . CsrA is the global post-transcriptional regulator and binds to two flagellins [24, 25] . C. jejuni is a foodborne pathogen and is the major bacterial cause of gastroenteritis. The C. jejuni cell does not have a type 3 secretion system apart from the flagellar protein secretion system. Subsequently, some virulence factors [Campylobacter invasion antigens (Cia)] have been shown to be secreted through the flagellar hook structure into the host cytosol [26, 27] . This could be one of the reasons for short flagella. Full activation of pathogenicity requires both motility by flagella and the secretion of virulence proteins via flagella. However, virulence protein secretion decreases as flagellar length elongates [17] . Flagella that are too short will not work to provide propulsion to the cell body through a viscous medium. What is the best length to satisfy both requirements? C. jejuni cells repeat a rapid back-and-forth movement in viscous media, in which a cell moves only a short distance in an episode of flagellar motion [28] . In the nano-world of bacteria, one pitch of a helical filament will exert enough propulsive force [29] , although the powerful flagellar motor of C. jejuni may also contribute [30] . One turn helix of C. jejuni WT flagella might be purposely chosen as a compromise between pathogenesis and motility.
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